Two rat liver fatty acid synthetase preparations, containing 1.6 and 2.0mol of 4'-phosphopantetheine/mol of synthetase, showed specific activity of 2006 and 2140nmol of NADPH oxidized/min per mg of protein respectively. The two synthetase preparations could be loaded with either 3.3-4.4mol of [1][2][3][4][5][6][7][8][9][10][11][12][13][14] 
[2-'4C]malonyl-CoA. The 4'-phosphopantetheine site could be more than 90% saturated and the serine site about 80% saturated with malonate derived from malonyl-CoA. However, with acetyl-CoA as substrate, binding at both the 4'-phosphopantetheine and cysteine thiol sites did not reach saturation. We interpret these results to indicate that, whereas the equilibrium constant for transfer of substrates between the serine loading site and the 4'-phosphopantetheine site is close to unity, that for transfer of acetyl moieties between the 4'-phosphopantetheine and cysteine sites favours formation of the 4'-phosphopantetheine thioester. Thus, despite the apparent sub-stoichiometric binding of acetate, the results are consistent with a functionally symmetrical model for the fatty acid synthetase which permits simultaneous substrate binding at two separate active centres.
Mammalian and avian fatty acid synthetases are multifunctional proteins that contain seven active centres on two identical Mr-250000 subunits (McCarthy & Hardie, 1983; Stoops et al., 1977) . Early studies (Jacob et al., 1968; Chesterton et al., 1968; Phillips et al., 1970a,b) demonstrated that acetate binds to three different sites on fatty acid synthetase, i.e. the 4'-phosphopantetheine site, the cysteine site and the serine site, whereas malonate transferred from malonyl-CoA was bound only to the 4'-phosphopantetheine and serine sites. Since the animal fatty acid synthetases consist of two identical subunits, it follows that the dimer should be capable of binding a maximum of six acetate or four malonate moieties. However, published estimates of the saturation-binding stoichiometries vary widely, and none agree with the theoretical maxima. Thus values as low as 0.7 mol of malonate and 1.5 mol of acetate (Joshi et al., 1970) or as high as 4mol of acetate and 2.5-6.5 mol of malonate (Kumar & Srinivasan, 1981; Kumar, 1982) per mol of enzyme have been reported for avian fatty acid synthetases. Assessment of the significance of Abbreviation used: Cm-, carboxymethyl-.
published binding stoichiometries is difficult, since the 4'-phosphopantetheine content of the enzyme preparations used is seldom reported. Values of this, published independently of binding data, vary between 1 and 2mol/mol of enzyme, depending on the laboratory and the batch of enzyme. McCarthy & Hardie (1983) have reported both binding stoichiometries and prosthetic-group content for the same batch of enzyme. They found that acetate binding varied from 2.4 to 4.0mol/mol of rabbit mammary fatty acid synthetase, depending on the specific activity of the enzyme; nonthiol binding, i.e. at the serine loading site, varied from 1.0 to 1.8mol/mol, again depending on the specific activity of the enzyme. The 4'-phosphopantetheine content was determined as 1 mol/mol of enzyme, independent of the specific activity; clearly this value is incompatible with a structurally and functionally symmetrical dimer model.
To evaluate unequivocally substrate-binding stoichiometries in terms of a functionally symmetrical or asymmetrical model, it is essential that experiments are performed with enzyme that consists entirely of the holo form. In this study we have used a carefully controlled assay for 4'-Vol. 230 phosphopantetheine content and have identified a batch of rat liver enzyme suitable for substratebinding studies.
Materials and methods Materials
[1-'4C]Acetyl-CoA was synthesized enzymically as described by Hansen et al. (1984) ; [2-14C]-malonyl-CoA was synthesized as described by Rutkovski & Jaworski (1978 A small hole was punched in the side of the tube just below the cap, and the tube was placed on top of another Eppendorf tube containing 400 ,u of 6M-HCI inside a glass tube containing 400,ul of 6M-HC1/0.01% mercaptoethanol. The glass tube was evacuated and sealed, and hydrolysis was carried out for 21 h at 1 10°C. After hydrolysis the sample tube was removed and freeze-dried. The freezedried sample was dissolved in an aqueous solution of 0.10% (w/v) sodium dodecyl sulphate, 0.55% (v/v) acetic acid and 0.01% (v/v) thiodiglycol, adjusted to pH2.8 with HCI (buffer A).
3H-labelled Cm-cysteamine and Cm-cysteine were added as internal standards (0.04 and 2.Onmol respectively; sp. radioactivity 106Ci/ mol). A portion (200,ul) of this solution was loaded on to a stainless-steel column (25cm x 2.4cm) packed with lOpm Lichrosorb RP18. The column was equilibrated with a mixture of 96% buffer A and 4% buffer B; buffer B consisted of 0.03% sodium dodecyl sulphate, 0. 1% acetic acid and 75%
(v/v) methanol in water. Cm-cysteamine and Cmcysteine were eluted with a gradient of buffer B, as shown in Fig. 3 .
The radioactivity in the eluate was monitored with a Berthold LB 504 HS radioactivity detector equipped with an LB 5034 splitter, which diverted 100% of the effluent through a 200!l flow cell. Data handling was done by a Berthold LB 500 M radiochromatographic system.
The peaks containing Cm-cysteine and Cmcysteamine were collected and the radioactivity was determined as described by Marshall & Knudsen (1977 (Hirs, 1956 ) and incubated at 0°C for 4h. The performic acid-oxidized protein was precipitated, at 0°C, with 2.5 ml of IO% trichloroacetic acid, washed, and radioactivity was assayed as described above. The effectiveness of performic acid oxidation in destroying thioesters was measured by monitoring the oxidation of [2-14C]-malonyl-CoA by using h.p.l.c. as described by Hansen et al. (1984) . (Smith & Abraham, 1970) .
Results
The specific activities of enzyme preparations 1 and 2 were respectively 2006 and 2140nmol of NADPH oxidized/min per mg of protein at 37°C. Although the specific activity was very similar, the 4'-phosphopantetheine content was different, 1.6 + 0.1 and 2.0 + 0.2 (mean + S.D. for four and six determinations respectively) mol/mol of synthetase for preparations 1 and 2 respectively. The pantetheine determination by carboxamidomethylation with [1-14C]iodoacetamide was very sensitive to the pH during carboxamidomethylation ( Fig. la) and time of incubation (Fig. lb) . At pH values lower than 8.5, alkylation of the 4'-phosphopantetheine thiol group was incomplete.
Furthermore, 90min incubation was necessary for complete alkylation of this group.
The performic acid oxidation of thioesters (as monitored with malonyl-CoA) was complete within 1 h of incubation at 0°C. Non-thiol-esterified malonate was stable overnight in the performic acid reaction mixture (Fig. 2) . Cm-cysteamine and Cm-cysteine were completely separated by h.p.l.c., with a base-line separation of about 30min (Fig. 3) (Kumar, 1982) and rabbit mammary-gland enzyme (McCarthy & Hardie, 1983) , 2.0 and 2.2-3.1 mol/mol of enzyme respectively. Acetate binding to the two enzyme preparations varied from 3.3 to 4.4mol of acetate bound/mol of enzyme. The highest binding was observed with enzyme preparation 2, which contained 2mol of 4'-phosphopantetheine/mol of enzyme ( Table 2 ). The ratio of non-thiol binding to total binding was independent of total binding (0.35-0.39).
The ratio of thiol to non-thiol binding of acetate found in the present experiment is the same as reported for acetate binding to chicken liver enzyme (Cognet & Hammes, 1983) . However, McCarthy & Hardie (1983) reported a higher proportion of binding to non-thiol sites.
Total binding of both malonate and acetate was very reproducible within experiments, with good agreement between duplicates (Tables 1 and 2 ). However, binding of both substrates showed a greater variation between experiments carried out on different days, indicating that the actual conformation of the enzyme is critical to obtaining maximum binding (Tables 1 and 2 ).
Attempts to determine free pantetheine after loading of the enzyme with acetate failed, owing to (Singh et al., 1984) . Previous attempts to confirm experimentally the functional symmetry of the enzyme have been unconvincing, since the enzyme preparations used apparently contained sub-stoichiometric amounts of the 4'-phosphopantetheine prosthetic group (Singh et al., 1984; McCarthy & Hardie, 1983) . Often it has not been clear whether the low values reported resulted from the presence of some apoenzyme in the preparations or were a consequence of experimental error inherent in the difficult assay of 4'-phosphopantetheine. In this study, we have increased sensitivity of the analysis by using a radiolabelling procedure rather than relying on the commonly used colorimetric estimation off,-alanine and taurine. Accuracy has been improved by establishing optimum conditions for complete radiolabelling and by carefully monitoring recoveries of the 1 4C-labelled Cm-cysteamine product with an authentic 3H-labelled internal standard. Using this approach we were able to identify one preparation of rat liver fatty acid synthetase which contained its full complement of 4'-phosphopantetheine, i.e. 2mol/mol of enzyme dimer. Substrate-binding experiments with this batch of enzyme indicated that the fatty acid synthetase could be loaded with close to the theoretical saturating amount of malonyl moieties (4.0 theoretical, 3.5 observed). Saturation of the 4'-phosphopantetheine site was estimated to be 93% (Stern et al., 1982) loading and 4'-phosphopantetheine sites indicates clearly that both reaction centres can be loaded simultaneously. This conclusion supports the functionally symmetric 'head-to-tail' model suggested by Singh ei al. (1984) . The maximum binding of acetyl moieties observed, 4mol/mol of dimer, is considerably lower than the theoretical limit of 6mol/mol of dimer. This low value cannot be attributed to losses from the 'loose' serine site, since binding at this site was similar with acetate (790 saturation) and malonate (81% saturation).
Clearly it is the binding at the thiol sites that is low, amounting to only 65% saturation.
We interpret these results to indicate that, whereas the equilibrium constant for malonylation/acetylation between the serine loading site and the 4'-phosphopantetheine thiol site is probably close to unity (at maximum saturation, nmolar fractions of malonyl-O-enzyme and malonyl-S-4'-phosphopantetheine-enzyme are 0.47 and 0.53 respectively), the equilibrium constant for acetylgroup distribution between 4'-phosphopantetheine and cysteine thiol sites favours acetyl-4'-phosphopantetheine formation. Since acetyl binding at the three sites is sequential (serine-pantetheinecysteine), rather than independent, it follows that complete saturation of the cysteine site will not be achieved even at high acetyl-CoA concentrations. Indeed semi-quantitative assay of acetyl-S-4'-phosphopantetheine and acetyl-S-cysteine peptic peptides, derived from acetylated pigeon liver fatty acid synthetase, indicated the former species as predominant (Joshi et al., 1970) . Other published data suggest that the equilibrium for transfer between 4'-phosphopantetheine and cysteine thiols may favour strongly formation of the 4'-phosphopantetheine thioester for medium-and long-chain saturated acyl moieties as well as for acetyl moieties. Thus octanoyl moieties, synthesized from f,-oxo-octanoyl-enzyme and NADPH, are distributed between 4'-phosphopantetheine and cysteine thiols in the proportion 0.83:0.17 (Nixon et al., 1970) ; long-chain saturated acyl moieties synthesized on enzyme lacking thioesterase activity are located almost exclusively on the 4'-phosphopantetheine thiol (Smith & Libertini, 1979) . The presence of only a small mole fraction of the saturated acyl-enzyme as the cysteine thioester may be limiting for the subsequent step, the condensation reaction. For condensation to occur, the acyl moiety must move to the cysteine thiol, vacating the 4'-phosphopantetheine thiol for access by a malonyl moiety. It is generally accepted that the condensation reaction is rate-limiting for the overall fatty acid synthetase reaction. Perhaps the rate-limiting step for the condensation reaction is the transfer of the participating substrates, malonyl and saturated acyl moieties, to the appropriate binding sites.
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